Background: MicroRNAs (miRNAs), which originate from precursor transcripts with stem-loop structures, are essential gene expression regulators in eukaryotes.
Background
MicroRNAs (miRNAs) are small regulatory RNAs that play a fundamental role in gene expression regulation in eukaryotes through mRNA cleavage, RNA degradation, translation inhibition, or DNA methylation [1] [2] [3] [4] [5] [6] [7] . miRNAs belong to a large repertoire of regulatory small RNAs, which also includes small interfering RNAs (siRNAs) [8] [9] [10] [11] . Most miRNA genes (MIR) are transcribed by RNA polymerase II (Pol II) [12, 13] . The resulting single-stranded miRNA precursors fold into stem-loop structures that can be recognized by RNase III-type enzymes, Drosha (as in animals) and Dicer or Dicer-like proteins (DCLs; as in plants), that sequentially cleave the precursors to liberate miRNA-miRNA* duplexes from the hairpins (miRNA* is a small RNA on the opposite arm of the miRNA in the hairpin with partial complementarity to the miRNA) [3, 6, 14] . The mature miRNAs are subsequently incorporated into Argonaute (AGO) family proteins, and then they target mRNAs through perfect or partially complementary base pairing [15] . miRNAs are normally more abundant than miR-NA*s [3, 6, 14] , but there are cases when miRNA* sequences are more abundant and can interact with AGO proteins to exert their function [16] ; when the abundances of miRNAs and miRNA*s are comparable, they are called miR-5p and miR-3p, depending on their positions relative to the 5'-end of the sequences [17, 18] .
Arabidopsis contains four Dicer-like proteins, DCL1 to DCL4. The biogenesis of Arabidopsis miRNAs depends mainly on DCL1, with that of a few relying on DCL4 [8, 19] . Arabidopsis miRNAs are stabilized through 3'-end methylation by the RNA methyltransferase HEN1, which protects them from uridylation and subsequent RNA degradation [20, 21] .
In contrast to miRNAs, siRNAs are derived from double-stranded RNA molecules and have multiple sources of origin [6, 8] . Four classes of siRNAs have been found in plants. The first class includes natural antisense transcript (nat)-siRNA which is derived from cis-natural antisense transcripts, the so-called nat-siRNAs. They are often induced by abiotic and biotic stresses, are generated by DCL1 and/or DCL2, and are often dependent on RNA-dependent RNA polymerase (RDR) 6 and Pol IV [22] [23] [24] [25] . The second class comprises endogenous trans-acting siRNAs (tasiRNAs), which are encoded by TAS genes [8] . miRNA-mediated cleavage of a TAS transcript serves as a template for RDR6 to synthesize a double-stranded RNA, which is subsequently cleaved into approximately 21-nucleotide phased tasiRNAs by DCL4. The third class of siRNAs comprises the heterochromatic siRNAs (hc-siRNAs) [10] . hc-siRNAs normally arise from transposon and repeat regions of the genome, and often silence mobile and repeat elements via DNA methylation and chromatin modification. The formation of hc-siRNAs requires DCL3, RDR2 and Pol IV. The fourth class comprises long siRNAs (lsiRNAs), which are 30 to 40 nucleotides in length [26] . The biogenesis of lsiRNAs requires DCL1 and is also partially dependent on RDR and Pol IV. Therefore, an effective way to distinguish miRNAs from various siRNAs is to examine the major distinctive components of their biogenesis. For example, the biogenesis of miRNAs does not require RDRs or Pol IV.
A structural property of miRNAs is that their precursors form foldback hairpin structures. One miRNAmiRNA* duplex is typically expected to arise from a miRNA precursor [3, 14, 27] . Nevertheless, some early work also observed additional small RNAs beyond miRNAs and miRNA*s, but such small RNAs were normally considered to be byproducts of Dicer activities and have never been systematically investigated [19, [28] [29] [30] [31] [32] . Recent studies in animals identified miRNA-offset RNAs (moRNAs) in a chordate [33] , human [34] , and a herpesvirus [35] , but the biogenesis and possible functions of these small RNAs remain to be determined. In a deep-sequencing-based study of small RNAs from bacterial-challenged Arabidopsis thaliana, we identified a substantial number of sequencing reads that can map perfectly onto many miRNA precursors even though they do not correspond to the mature miRNA or miRNA* sequences. Most of these small RNAs form pairing partners similar to miRNA-miRNA* duplexes with a two-nucleotide 3'-end overhang and are arranged in phasing. Moreover, we found that they depend on the same biogenesis pathway as the known miRNAs. Furthermore, multiple lines of evidence suggest that some of these miRNA-like RNAs are authentic miRNAs. First, some of them are differentially expressed upon bacterial challenges, and some are more abundant than their sibling miRNAs. Second, many of these miRNAlike RNAs can be associated with AGO proteins. Third, some of them have predicted protein-coding targets with similar functions, and several of their target cleavage products are present when performing parallel analysis of RNA ends (PARE) or in degradome data [36] [37] [38] . Fourth, expression analysis using Dicer mutants further supports that some of these miRNA-like RNAs silence their predicted target genes. Moreover, our systematic genome-wide survey of publically available small-RNA deep sequencing data shows that such miRNA-like RNAs broadly exist in plants (Oryza sativa, Physcomitrella patens, Medicago truncatula and Populus trichocarpa) and animals (Homo sapiens, Mus musculus, Caenorhabditis elegans and Drosophila melanogaster).
Results
To study the role of small RNAs in response to bacterial challenge, we prepared 13 small-RNA libraries from Arabidopsis infected with various Pseudomonas syringae pv. tomato (Pst) DC3000 strains and sequenced them using the Illumina SBS deep-sequencing platform. Sequencing data were collected at 6 and 14 hours postinoculation (hpi) with 10 mM MgCl 2 (mock), a type III secretion system mutated strain of Pst DC3000 hrcC, a virulent strain of Pst DC3000 carrying an empty vector (EV), and an avirulent strain of Pst DC3000 (avrRpt2). Pst DC3000 (avrRpt2) induces a hypersensitive response (HR) in Arabidopsis Col-0 that carries the cognate resistance gene RPS2 and leads to cell death symptoms (the hypersensitive response), usually at 15 to 16 hpi. Our samples were collected at 14 hpi, right before the hypersensitive response could be visualized. From a total of more than 24.6 million sequencing reads from all libraries, 13,985,938 reads perfectly matched the Arabidopsis genome and cDNAs, among which 2,578,531 were unique. After excluding reads shorter than 17-nucleotide and any that matched tRNAs, rRNAs, small nuclear RNAs (snRNAs), or small nucleolar RNAs (snoRNAs), the remaining reads were kept for further analysis. We detected the expression of 191 of the 207 Arabidopsis miRNAs listed in miRBase. The 13 libraries of sequencing reads have been deposited in the NCBI Gene Expression Omnibus (GEO) database [GEO: GSE19694] and a summary of the sequencing data is given in Table S1 in Additional file 1.
Multiple distinct miRNA-like RNAs arise from a single miRNA precursor A key observation from our sequencing data is that multiple unique small-RNA reads could be generated from the same miRNA precursor. Specifically, we found a substantial number of reads that originated from the double-stranded stem regions of many miRNA precursors and yet are not themselves the mature miRNA or miRNA* sequences. In some cases, the number of these small-RNA reads is comparable to or even greater than the number of reads mapped to the mature miRNA or miRNA* sequences. Furthermore, using a set of stringent criteria (see Materials and methods), we observed that many sequencing reads that map to a miRNA precursor were arranged in phase, in which unique small-RNA reads followed one another in tandem or sometimes were separated by a gap of 21 to 22 nucleotides along the precursor [39] . Figures 1, 2, 3 , and 4 show this type of phasing pattern on the precursors of miR159a, miR169 m, miR319a/b, miR447, miR822 and miR839. It is important to note that more than one such miRNA-like RNA may appear in a fold-back structure. In total, using a minimum of 5 sequencing reads as a cutoff, we identified 35 miRNA-like RNAs from 19 miRNA precursors in 10 Arabidopsis miRNA families, including both evolutionarily conserved and young nonconserved miRNAs (Table 1 ). The sequences of the 35 newly identified small RNAs were also blasted against the Pst DC3000 genome, and no homologue with > 30% identity was found for any of them. This result means that at least 9.1% (19 of 207) of the known Arabidopsis miRNA precursors can produce this type of small RNA. Table 1 lists these miRNA precursors and the corresponding miRNA-like RNAs identified in our small RNA sequence libraries. As shown in the table, one precursor (that is, pre-miR822) can generate as many as ten distinct miRNA-like RNAs (with seven having more than five reads) from both sides of the stem-loop structure (Figure 3a) . Additional file 2 displays the alignment of sequencing reads to these precursors, and Table 1 includes the numbers of sequencing reads of these miRNA-like RNAs.
In the rest of this section, we provide a slew of genomic and molecular evidence to show that many of these miRNA-like RNAs are authentic and functional miRNAs. Following miRNA nomenclature [17, 18] , we name these miRNA-like RNAs miRn.k, where integer n specifies a particular miRNA family and precursor (for example, 159a for miR159a) and integer k denotes a specific miRNA or miRNA-like RNA. To minimize possible Note that miRNA-miRNA* duplexes for miRNA-like RNAs, with approximately two-nucleotide 3'-end overhangs, appear on the miR159, miR169m and miR319b precursors. The previously annotated miRNAs were named as miRn.1 (see main text for detail) and those miRNA-like RNAs having less than four reads were not named. For clarity, miR169m.2* and miR319b.2* are also indicated though the numbers of reads mapped to them were below the cutoff threshold of 5.
confusion, we reserve miRn.1 for the known miRNA, and name the newly identified miRNA-like RNAs as miRn.2, miRn.3, and so on, starting from the 5'-end of the miRNA precursor. Following the notation for miRNA*, the miRNA-like RNA opposite another miRNA-like RNA (miRn.k), but with a lower abundance than the latter, is labeled as miRn.k*. However, if the abundances of miRn.k and miRn.k* are comparable, they are named as miRn.k-5p and miRn.k-3p, depending on their relative positions [17, 18] . For example, the three miRNA-like RNAs on the miR159a precursor that passed our selection criteria are labeled as miR159a.2-5p, miR159a.3 and miR159a.2-3p, respectively, starting from the 5'-end of the precursor (Figure 1a ).
The identified miRNA-like RNAs are generated by the miRNA biogenesis pathway
The newly identified miRNA-like RNAs and the known miRNAs share several common characteristics. First, an individual miRNA-like RNA often has a pairing partner on the opposite arm of the precursor fold-back structure, which is analogous to the pairing partnership of miRNA and miRNA*. More critically, such pairing partners typically have an approximately two-nucleotide 3'-end overhang, which reflects RNase III activities [39] . For example, miR159a.2-5p is paired with miR159a.2-3p with a two-nucleotide 3'-end overhang (Figure 1a ). Similar examples can be found in the other miRNA precursor structures shown in Figures 1, 2, 3 , and 4.
Second and more importantly, these miRNA-like RNAs are generated by the same biogenesis pathway as the cognate miRNAs. We experimentally studied some of the miRNA-like RNAs on miR447a and miR822 precursors using various mutants of small RNA pathway components. As shown in Figure 2c , the accumulation of both miR447a (which was renamed as miR447a.1) and miR447a.3 depended on DCL1. The biogenesis of both mature miR822 (that is, miR822.1) and miR822.2 depended on DCL4 (Figure 3c ), which is consistent with previously published results [19] . Therefore, miR447a.3 and miR822.2 were generated by the same Dicer-like proteins as their cognate miRNAs. tasiRNAs are endogenous phased siRNAs generated by RDR6 and DCL4 [40] . miR447a.3 and miR822.2 did not require RDR (Figures 2c and 3c) , which ruled out the possibility that these phased miRNA-like RNAs might be tasiRNAs. Furthermore, to determine whether these miRNA-like RNAs could be hc-siRNAs, we examined their accumulation in mutants of RDR2, DCL3 and the largest subunits of Pol IV (NRPD1) and Pol V (NRPE1), which are required for hc-siRNA formation and function [8, 10, 11, 15] . As shown in Figures 2c and 3c , the production of miR447a.3 and miR822.2 did not need any RDR proteins, Pol IV, Pol V or DCL3. Therefore, these small RNAs were generated through the miRNA pathway by sequential DCL cleavages on the long hairpin stem regions; they are surely not siRNAs.
Third, we examined the effect of HEN1 on these miRNA-like RNAs. In plants, small RNAs, including miRNAs, siRNAs and lsiRNAs, are methylated at their 3'-ends by HEN1 [21, 26] . Methylation stabilizes the small RNAs and distinguishes them from RNA degradation products. The accumulation of miR447a.3 and miR822.2 was dependent on HEN1 ( Figure 5 ), indicating that these small RNAs were methylated. Collectively, these results show that these miRNA-like RNAs are produced by the same miRNA pathway as their cognate known miRNAs.
The identified miRNA-like RNAs are differentially expressed
To investigate the potential functions of the newly identified miRNA-like RNAs in pathogen response, we examined the expression of some of them using Northern blotting. We found that many of the miRNA-like RNAs that we profiled, which have no homologue with identity > 30% in the bacterial genome, were differentially expressed under the challenge of different strains of Pst, and exhibited different expression patterns from their cognate miRNAs or miRNA*s (Figures 2d, 3d and 4c). As shown in Figure 2d , for instance, both miR447a.2-3p and miR447a.3 were strongly induced by the avirulent strain Pst (avrRpt2) and weakly induced by the non-pathogenic strain Pst DC3000 hrcC. However, the virulent strain Pst DC3000 EV could induce only miR447a.3 but not miR447a.2-3p. Neither Pst DC3000 EV nor Pst DC3000 hrcC induced miR447a (that is, miR447a.1). In addition, miR447a.1 was expressed at a lower level than miR447a.2-3p and miR447a.3. Similarly, miR822.3 was induced by Pst DC3000 EV and Pst (avrRpt2) at 6 hpi, and by all three strains tested at 14 hpi, whereas miR822.2 was only induced by Pst (avrRpt2) at 14 hpi. miR822.3* was barely detected under these conditions (Figure 3d ). miR839.2 and miR839.3 were only induced by Pst (avrRpt2) at 14 hpi and expressed at a very low level under other conditions, whereas miR839.1 was constitutively expressed at a similar level under these conditions (Figure 4c ).
The identified miRNA-like RNAs may also be differentially expressed in different tissues. One such example can be seen by comparing the results for the miR839 precursor in Figure 4a with that in Figure 2b of [19] . The peak reads from the deep-sequencing data from [19] also exhibited a phasing pattern, which is in agreement with our deep-sequencing data (Figures 4a,b ; Additional file 2). It is important to note that no sequencing read in our small-RNA libraries mapped to gap 2 in Figure 4a , whereas some sequencing reads at gap 2 were shown in Figure 2b in [19] . A major difference between the two deep-sequencing datasets is that total RNA was extracted from whole seedlings, flowers, rosette leaves, and siliques in [19] , while we used only matured rosette leaves in our profiling. As a final note on the expression levels, some of these miRNA-like RNAs can be more abundant than their cognate miRNAs (Table 1) . For example, miR319b.2 has 491 reads while miR319b (that is, miR319b.1) has 30 reads (Table 1 and Figure 1d ), which is a more than 10-fold difference. Similarly, both miR839.2 and miR839.3 have more reads than miR839 (that is, miR839.1) ( Figure  4a ). It is possible that some of the miRNA-like RNAs may be induced at certain developmental stages or under specific conditions to regulate gene expression.
The identified miRNA-like RNAs are potentially functional
We now present three pieces of evidence to show that many of the newly identified miRNA-like RNAs have functional mRNA targets. First, most of these miRNAlike RNAs we identified can be associated with AGO proteins. In general, miRNAs are loaded onto AGO proteins to silence target genes by RNA cleavage, RNA degradation, or translation inhibition. Thus, we searched the Arabidopsis datasets of AGO-associated small RNAs [41, 42] for the miRNA-like RNAs identified. We found Nineteen Arabidopsis miRNA precursors (the MIR column) from 10 miRNA families generate a total of 35 miRNA-sibling RNAs (the miRNA ID and miRNA sequence columns). For a particular precursor, the positions of newly identified miRNA-like RNAs relative to the cognate miRNA are indicated in the 'Position' column, where a plus sign (+) means that miRNA-sibling small RNAs (msRNAs) are in the upper arm of the hairpin close to the loop, a minus sign (-) indicates that they reside in the lower portion near the base of the hairpin, and '+/-' means that multiple msRNAs appear on both sides of the sibling miRNA, which is also included here. The cognate (known) miRNAs are named as miRn.1 (see the main text). The Argonaute proteins that a miRNA-like RNA can associate with are listed in the 'AGO' column. The 'PARE' column lists the mRNA genes for which a miRNA-like RNA has a corresponding small RNA target product in the three PARE/degradome datasets considered. Second, many of the miRNA-like RNAs identified have putative mRNA targets that have coherent functions. We predicted their putative targets using the target prediction method in version 2 of the CleaveLand software for analyzing small RNA degradomes [43] . With an alignment score cutoff of 4.5, a total of 33 (94.3%) of the 35 miRNA-like RNAs identified have putative targets (Table S2 in Additional file 1). We reasoned that if these miRNA-like RNAs can silence their target genes, de-suppression of the targets might be expected in Dicer mutants, in which the miRNA-like RNAs would no longer be produced. Thus, we examined, using real-time RT-PCR, the expression of some of the predicted targets of miR169i.2-3p (At5g02710), miR169j.2 (At5g48300), miR447a.3 (At1g54710 and At1g06770), miR839.2 (At4g31210), and miR839.3 (At1g65960) in a dcl1-9 mutant and in the wild type (Figure 6a) , as well as a predicted target of miR822.4-5p (At1g62030) in a dcl4-2 mutant and in the wild type (Figure 6b) . Indeed, these targets were accumulated to a higher level in the mutants than in the wild type that we studied (Figures 6a,b) . Further, because miR447a.3 and miR839.2 were induced by Pst (avrRpt2), we also examined the expression of their three target genes under the Pst (avrRpt2) treatment. As shown in Figure 6c , these targets were repressed during Pst (avrRpt2) challenge, showing a negative correlation with the expression of the corresponding miRNA-like RNAs. Furthermore, similar to most miRNAs, many miRNA-like RNAs identified can target multiple protein-coding genes (Table S2 in [30, 44] . In short, our experimental and computational results indicate that the miRNA-like RNAs identified have the potential to silence their target genes, some of which have common or related functions.
Third, some miRNA-like RNAs can mediate target silencing by mRNA cleavage. Since the identified miRNA-like RNAs have the same characteristics as miRNAs and many can be associated with AGO proteins, we hypothesized that they might also directly cleave their mRNA targets. To test this hypothesis, we searched for, using version 2 of the CleaveLand degradome software [43] , the small RNA target signatures of mRNA cleavage products in the data from Arabidopsis PARE or small RNA degradomes collected by three labs from different tissues and under various conditions [36] [37] [38] . With an alignment-score cutoff of 4.5 and a P-value threshold of 0.2, we found small RNA cleavage products of seven mRNA genes targeted by six miRNA-like RNAs that we identified (miR159a.2-3p, miR169b.2, miR169i.2-3p, miR169j.2, miR822.4-5p, miR839.3; the PARE column in Table 1 ). Detailed information on these miRNA-like RNAs and their targets supported by the degradome data is in Table S3 in Additional file 1; the alignments of four of these pairs of miRNA-like RNAs and targets, along with another three pairs tested, are shown in Figure 6d . Furthermore, four of these six miRNA-like RNAs (miR159a.2-3p, miR169j.2, miR822.4-5p, and miR839.3) can also be associated with AGO proteins ( Table 1 ), indicating that, mechanistically, these small RNAs can function through the canonical miRNA pathway. Indeed, the ablation of three of the six miRNA-like RNAs (miR169i.2-3p, miR169j.2, and miR839.3) in the dcl1-9 mutant as well as miR822.4-5p in the dcl4-2 mutant led to elevated expression of some of their targets (Figures 6a,b) . The relatively small number of the miRNA-like RNAs that have mRNA cleavage products may be due to two reasons. First, the miRNA-like RNAs were typically expressed at low abundance; thus, their cleavage products were too low to be detected. Second, different tissues were used in our experiments (mature leaves) and for PARE data collection (floral tissues, including the inflorescence meristem and early stage floral buds, and EIN5 mutant). This tissue difference may also explain that no target cleavage product was detected even for four known miRNAs listed in Table 1 (miR447a.1/b.1, miR822.1 and miR839.1) while the expression of miRNAs and miRNA-like RNAs is often tissue-specific. Nevertheless, this degradome analysis provided evidence that some of the miRNA-like RNAs identified in our experiments can function through mRNA target cleavage.
Distribution of the miRNA-like RNAs on precursor foldback structures
A remarkable characteristic of the miRNA-like RNAs that we found in Arabidopsis is that they can appear on either side of a known miRNA-miRNA* duplex on a precursor hairpin and can be close to either the base or the loop of the hairpin. Two or more miRNA-like RNAs can also reside on both sides of a miRNA-miRNA* duplex. A summary of the location distribution of the miRNA-like RNAs is given in the 'Position' column of Table 1 , where a plus sign (+) means that miRNA-like RNAs appear exclusively between miRNA-miRNA* and the loop of the hairpin, a minus sign (-) indicates that miRNA-like RNAs occur exclusively between miRNAmiRNA* and the base of the hairpin, and '+/-' means that there are miRNA-like RNAs on both sides of the miRNA-miRNA* duplex. As shown, among the 19 miRNA precursors identified, 7 harbored miRNA-like RNAs exclusively toward the loops of the hairpins. Examples include MIR159a, MIR319a and MIR319b in Figures 1a,c,d , respectively. This is consistent with the recent discovery that the DCL cleavage that produces mature miR159 and miR319 starts from the loop ends of their fold-back structures [45, 46] . Another ten precursors produced miRNA-like RNAs near the hairpin bases -for example, MIR169m and MIR447a in Figures  1b and 2a . This miRNA-like RNA distribution is well supported by the conventional model of miRNA biogenesis [3, 14] , in which two subsequent DCL cleavage activities produce a miRNA-miRNA* duplex, first releasing the precursor miRNA and then liberating the duplex. The remaining two precursors -that is, MIR822 and MIR839 in Figures 3a and 4a -had miRNA-like RNAs on both sides of their cognate miRNA-miRNA* duplexes. These two precursors contain long stems, which are likely to be processed by continuous in-phase dicing activity of DCL1 or DCL4. This process is similar to the biogenesis of tasiRNAs by DCL4.
Another interesting observation is that not every slot in the phasing pattern of a precursor was filled by sequencing reads, as shown in MIR319b and MIR839 (Figures 1d and 4a) . Such a peculiar pattern of miRNAlike RNA expression suggests potential condition-or tissue-specific expression, and variable metabolism rates of these miRNA-like RNAs.
Conservation of sequential DCL cleavage of long MIR hairpins in eukaryotes
To determine whether the miRNA-like RNAs that we identified in Arabidopsis also exist in other plant species, we studied four additional plant organisms.
Specifically, we searched for miRNA precursors that are capable of generating multiple miRNA-like RNAs in publicly available small-RNA deep-sequencing datasets from O. sativa (rice), P. patens (moss), M. truncatula and P. trichocarpa; see Materials and methods for information on the sources of these datasets. In total, we identified 75, 37, 9 and 11 miRNA precursors, respectively, from these four plant species that harbor miRNA-like RNAs in addition to miRNAs. Table 2 lists these miRNA precursors and Additional files 3, 4, 5 and 6 contain the alignments of the miRNA-like RNAs to their corresponding miRNA precursors. Note that the sequencing data on rice and moss were from Solexa sequencing, while the data on Medicago and Populus were from a mixture of Solexa and 454 sequencing. Therefore, the sequencing depths for Medicago and Populus were not as deep as those for rice and moss, resulting in fewer miRNA-like RNA-bearing miRNA precursors identified in the latter two species.
As shown in Table 2 , several individual miRNA-like RNAs identified are conserved in multiple plants. In the five plant species we studied, miRNA-like RNAs appeared in two well-conserved miRNA families, that is, miR159 and miR319 (Table 2) . miRNA-like RNAs appeared in miR319 precursors in all of these five plants, and miRNA-like RNAs occurred in miR159 precursors in all of five bar moss. miR159 and miR319 belong to the same MIR family based on their evolutionary origin [30, 44] , playing important roles in plant development [47] . Importantly, a close inspection showed that many individual miRNA-like RNAs on the miR159 and miR319 precursors are also highly conserved at the sequence level. Figure 6a displays the miR159a precursors in Arabidopsis, rice, Medicago and Populus and Figure 6b shows the miR319b precursors in Table 2 (Table 1) . We also examined the target conservation of the miRNA-like RNAs on miR159a and miR319b precursors across Arabidopsis, a dicotyledonous plant, and rice, a monocotyledonous plant. Both ath-miR159a.2-3p and osa-miR159a.2-3p have targets in the pentatricopeptide repeat (PPR) protein family (At2G40720, Os2G05720, Os10G40920 and, Os5G50690). Collectively, all these results suggest that these highly conserved miRNA-like RNAs in plants are functional.
To further understand such miRNA-like RNAs, we searched for miRNA-like RNAs in a large collection of small-RNA deep sequencing data from four animal species, H. sapiens (human), M. musculus (mouse), C. elegans and D. melanogaster (see Materials and methods). We identified 14, 27, 17 and 9 miRNA precursors in human, mouse, C. elegans and Drosophila, respectively, that can produce miRNA-like RNAs in addition to the known miRNAs and miRNA*s (Table 2 ). These miRNAlike RNA-bearing miRNA precursors are distributed in intergenic regions and introns, except has-miR34a and cel-miR354, which reside in 3' untranslated regions. These miRNA-like RNAs are immediately adjacent to the annotated miRNA-miRNA* duplexes, as shown by the alignments to their originating precursor hairpins in the four animals in Additional files 7, 8, 9, and 10, respectively. Different from the results for plants, no more than one small RNA pairing duplex was present beyond the known miRNA-miRNA* duplex in each animal miRNA precursor identified. This difference between plants and animals is mainly due to the relatively short miRNA precursors in animals. The newly identified miRNA-like RNAs in animals are also near the precursor bases. Notice that only miRNA-like RNAs on miR7 precursors in human and mouse are conserved (Table 2; Figure 7c ; Additional files 7 and 8). It is also interesting to note that miR7 in Drosophila has diverged from that in human and mouse significantly (data not shown), and miR7 has not been reported in C. elegans. These results indicate a low conservation of miRNA-like RNAs based on the animal small-RNA sequencing data we examined.
Discussion
We reported 19 miRNA precursors in Arabidopsis that are able to produce multiple distinct miRNA-like RNAs with potential function. Our analysis of the 13 libraries of deep-sequencing data from Arabidopsis characterized several important features of these miRNA-like RNAs. First, two miRNA-like RNAs on opposite arms of a miRNA precursor hairpin usually form a duplex with a two-nucleotide 3'-end overhang, which is a key property of miRNA-miRNA* duplexes and reflects the activities of RNase III proteins [39] . Second, such miRNA-like RNAs are arranged in phase, again reflecting sequential dicing activities of some RNase III proteins. Third, the first nucleotide of the discovered miRNA-like RNAs has a strong preference (approximately 90%) for A and U, which is similar to the approximately 88% for all known miRNAs.
Moreover, we obtained several lines of molecular evidence to support the notion that some of the miRNAlike RNAs identified are authentic and potentially functional miRNAs. First, these miRNA-like RNAs are generated through the miRNA pathway, but not the pathways for tasiRNAs or hc-siRNAs (Figures 2 and 3) . Second, these miRNA-like RNAs are likely methylated ( Figure 5 ). Third, 25 (71.4%) of the 35 miRNA-like RNAs identified were found in the pools of AGO-associated small RNAs (Table 1) [41, 42] , suggesting that they may potentially function through the AGO effectors. Fourth, several of these miRNA-like RNAs can induce target mRNA cleavage, and the cleavage products were present in the data from a PARE database or small-RNA degradome ( Figure 6 ) [36] [37] [38] . Fifth, most of the miRNA-like RNAs identified have predicted targets, and many of them potentially target genes within the same gene family or with common functions (Table S2 in Additional file 1), which is similar to miRNAs. Sixth, a few of the miRNA-like RNAs are more abundant than cognate miRNAs (Figures 1  and 4) , and some of the miRNA-like RNAs are differentially expressed under pathogen infections ( Figures  2, 3 and 4) , suggesting their potential regulatory functions in response to environmental stresses. The results of gene expression analysis using dcl1 and dcl4 mutants and wild type Arabidopsis plants showed that the loss of miR169i.2-3p, miR169j.2, miR447a.3, miR839.2, miR839.3, and miR822.4-5p can elevate the expression of the predicted target mRNAs that we tested ( Figure 6 ). In addition, miR447a.3 and miR839.2 were induced by Pst (avrRpt2), and we also detected down-regulation of their targets after Pst (avrRpt2) challenge ( Figure 6) .
Moreover, such miRNA-like RNAs exist in five evolutionarily distant plant species as well as four animal organisms we examined -Arabidopsis, rice, moss, Medicago and Populus as well as human, mouse, C. elegans and Drosophila. This result suggests that the mechanism underlying these miRNA-like RNAs must be conserved within and across plants and animals. The fact that these miRNA-like RNAs appear in moss, an ancient land plant, alludes to their possible evolutionary origin in plants. Some of these miRNA-like RNAs from conserved miRNA families, that is, miR159 and miR319 in plants, are conserved at the sequence level (Figure 7) , which adds another layer of evidence that these miRNA-like RNAs are potentially functionally important in plants. In addition, the miRNA-like RNAs we identified appear to occur in evolutionarily 'old' miRNA precursors in both plants and animals based on the publicly available small-RNA sequencing data we examined.
We did not observe a clear correlation between deep sequencing read counts and Northern blot results in Arabidopsis, even for a couple of highly expressed known miRNAs. Similar observations were also made in some recent studies [48, 49] . The inconsistency between sequencing read counts and Northern blot results is likely due to the differences between the two techniques. Sample preparation for deep sequencing involves two steps of RNA adaptor ligation and one step of PCR amplification, which introduce bias to the final data. Small RNAs with different 5'-and 3'-end structures or modification may have different efficiencies for ligation, and PCR tends to amplify highly abundant sequences more efficiently than less abundant ones. On the other hand, hybridization-based Northern blotting can hybridize any small RNAs with the same sequence regardless of their end modification or structure, although it may have a cross-hybridization side effect depending on the stringency of the hybridization conditions. In light of these observations, we thus relied on conventional Northern blot analysis with high stringency conditions to quantify the expression of the miRNA-like RNAs we studied.
Some early studies, including those using deep sequencing, have also observed small RNAs beyond miRNAs or miRNA*s on some miRNA precursors in plants [19, [28] [29] [30] and animals [31, 32] . For example, sequencing reads of miRNA-like RNAs were found on the ath-miR839 precursor [19] . Interestingly, such miRNA-like RNAs have also been found in a mirtron in mouse [50] . However, none of these small RNAs in plants and animals have been analyzed with regard to their biogenesis or potential functions. Chiang et al. [50] argued that their single discovery of a mirtron precursor in mouse was not a coincidence of spliceosome activity releasing the particular mirtron precursor. Indeed, our extensive data on MIR genes in four animal and five plant species convincingly show that continuous sequential cleavage activities are a common action for Dicer proteins in animal species or Dicer-like proteins in plant organisms. Another line of related work covers the moRNAs in a chordate, human and a herpesvirus [33] [34] [35] . Some of the miRNA-like RNAs that are immediately adjacent to miRNA or miRNA* and located near the base of the miRNA precursors may be classified as moRNAs. However, the moRNAs reported for the chordate Ciona intestinalis may be fundamentally different from the miRNA-like RNAs in the four animal genomes that we studied. In particular, the miRNA-like RNAs we identified are within the miRNA precursor sequences within the double-stranded RNA regions, and the ones we tested in Arabidopsis are dependent on DCL1 or DCL4. In contrast, many moRNAs identified in C. intestinalis -for example, those adjacent to ci-miR124-1 and ci-miR124-2 shown in Figure 2b of [33, 34] -can span substantially beyond the double-stranded stem region and even outside the miRNA precursors, which cannot be recognized and processed by Dicer. Thus, although moRNAs are likely to be cut by Drosha at one end, how the other end of moRNAs is generated has yet to be determined [33] [34] [35] . More work is required to better understand moRNAs in animals, particularly their biogenesis and functions. In comparison, our study showed that the miRNA-like RNAs in Arabidopsis are produced by sequential DCL cleavage on the long hairpin stem regions and can be generated on both sides of the miRNA-miRNA* duplex. Many of them can be incorporated into AGO proteins, and mediate target mRNA cleavage. Some of them are differentially expressed in response to environmental stresses. All of these results suggested their potential biological functions.
Conclusions
To sum up the results from our in-depth genomic and molecular analysis on Arabidopsis, our results from an extensive survey of an additional four plant and four animal species, and some data from early studies on plants [19, [28] [29] [30] and animals [31, 32] , it is evident that continuously sequential cleavage by Dicer or Dicer-like proteins is a common theme, rather than an exception, in plants and animals, which gives rise to phased miRNA-like RNAs from MIR genes. In Arabidopsis, DCL4 has been shown to be capable of such sequential cleavage to generate phased small RNAs such as tasiRNAs [8] . Our results suggest that DCL1, which generates most miRNAs and miRNAlike RNAs, may also act through sequential cleavage as DCL4 does. Further, a limited conservation of miRNA-like RNAs in evolutionarily 'old' MIR genes indicates that they are subject to evolutionary selection. The resulting small RNAs may be subject to different rates of degradation. Which miRNAs or miRNA-like RNAs can accumulate in response to developmental and/or environmental cues may be determined by their conservation and through tight regulation by post-biogenesis protection or degradation. For example, these miRNAs or miRNA-like RNAs can be stabilized by binding with AGO proteins or other RNA-binding proteins, or can be degraded by some exoribonucleases [51] .
In summary, our results from extensive molecular experiments on Arabidopsis and a systematic examination of a large quantity of deep-sequencing datasets from five evolutionarily diverse plant species and four evolutionarily distant animal organisms suggest that the multiple distinct miRNA-like RNAs that we identified broadly exist in eukaryotic species and can be authentic and functional miRNAs. Our results further suggest that the pool of miRNAs is larger than was previously recognized, and miRNA-mediated gene regulation may be broader and more complex than previously thought.
Materials and methods
Plant materials, small-RNA library construction, and deep sequencing Thirteen small-RNA libraries were prepared from 4-to 5-week-old short-day grown Arabidopsis Col-0 inoculated with 10 mM MgCl 2 (mock), type III secretion system mutated strain Pst DC3000 hrcC, virulent strain Pst DC3000, and avirulent strain Pst DC3000 (avrRpt2). Bacteria infiltration was carried out on the Arabidopsis wild-type and mutant plants as described previously [24] . Infiltrated leaves were harvested at 6 and 14 hpi. A large number of Arabidopsis mutants (dcl1-7, dcl1-9, dcl2-1, dcl3-1, dcl4-2, hen1, rdr2-1, rdr1-1, rdr6-15, nrpd1-3, nrpe1-11) and their corresponding wild-type ecotypes were used in this study. Assays were performed on 4-week-old plants grown at 22°C with 12 h light.
Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA) from infiltrated leaves and fractionated on 15% denaturing polyacrylamide gel. RNA molecules ranging from 18 to 28 nucleotidess were excised and ligated to 5'-and 3'-RNA adaptors using T4 RNA ligase followed by RT-PCR and gel purification as described in the instructions from Illumina [52, 53] . The small RNA libraries were sequenced by Illumina Inc. and the University of California, Riverside (UCR) core facility.
Processing of deep sequencing data
Raw sequence reads were parsed to remove the 3' adaptors. The sequencing reads from each of the small RNA libraries, with adaptors trimmed, were mapped to the Arabidopsis nuclear, chloroplast and mitochondrial genome sequences and cDNA sequences, which were all retrieved from the TAIR database [54] . The reads that matched these sequences with no mismatches (the row labeled 'mapped' in Table S1 in Additional file 1) were retained for further analysis. Sequencing reads were aligned to the precursors of the annotated Arabidopsis miRNAs in miRBase [55] with Novealign [56] . Those sequencing reads that could be mapped to a miRNA precursor with zero mismatches were retained for further analysis.
Small RNA deep-sequencing data on four additional plant and four animal species
We collected small-RNA deep-sequencing data, generated by Illumina/Solexa or 454 sequencing platforms, for four additional plants from the GEO database. In particular, we analyzed a total of 18 small-RNA sequencing datasets on P. patens (moss) [57] ; six datasets by Solexa sequencing), O. sativa (rice [25] ; and another two datasets, GEO accession number [GEO: GSE14462]; all by Solexa sequencing), M. truncatula (two datasets from Solexa sequencing [58] and three datasets from 454 sequencing [59] , and P. trichocarpa (four datasets from 454 sequencing [60, 61] ). Small RNA deep sequencing data were also collected for four animal species: H. sapiens (human [62, 63] ; four datasets); M. musculus (mouse [32] ; three datasets); C. elegans (C. elegans [64] ; nine datasets) and D. melanogaster (Drosophila [16] ; five datasets). The initial processing of these sequencing libraries followed the same steps as for the 13 Arabidopsis datasets. In summary, we collected, processed and analyzed a total of 52 small RNA deep-sequencing datasets in the current study.
Identifying miRNA-like RNAs and determining their phasing patterns
We first mapped sequence reads, allowing no mismatch, to miRNA precursors. We retained those that have reads arranged in block patterns for further analysis. To this end, we applied the Blockbluster software [33, 34] to first identify blocks of sequencing reads on the annotated miRNA precursors. The most abundant sequence read within each detected block was taken as the representative sequence for the block. The total number of sequence reads for the block is the sum of the copy number of the representative read and the copy numbers of other sequence reads that fall within the representative sequence and that overlap with the representative read with no more than three nucleotides beyond the representative sequence on either end. We allowed such overhangs to tolerate imprecise dicing activities of RNase III enzymes. The remaining blocks were further inspected; those spanning across two neighboring blocks were ignored. Those miRNA precursors that have blocks of reads arranged in phase were kept for further analysis. When reporting the results using our Arabidopsis deep sequencing data, we ignored such blocks that have less than five total sequencing reads to reduce potential false positive miRNA-like RNAs due to sequencing error.
Northern blot analysis of small RNAs
Total RNA was isolated using Trizol reagent (Invitrogen) from infiltrated leaves and 80 μg was resolved on 15% denaturing polyacrylamide gel. RNA was crosslinked to membrane using EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (Sigma, St. Louis, MO, USA))) [65] . We used the locked nucleic acid (LNA) probe for small RNA Northern blot analysis to detect miR839, and DNA oligos for detecting miR447 and miR822. Blots were exposed to phosphorscreens, and scanned using PhosphorImager (Molecular Dynamics (Amersham Pharmacia Biotech Inc, Piscataway, NJ, USA)).
The LNA probes used for detection were: mirt839-AT1G67481.2, c+tac+tct+ttc+tgc+tca+cat+ga; mirt839-AT1G67481.1, g+gga+acg+atg+aaa+ggt+tgg+ta; and mirt839-AT1G67481.3, t+cag+cac+tat+cac+ggt+ttt+gca +aa.
We used the following oligo probes for miR447 and miR822: miR447a.1-anti, CAACAAAACATCTCG TCCCCAA; miR447a.2-3p-anti, AAGCCCCTTCTTA-TATCGAGTC; miR447a.3-anti, AATACTACAATTTCT TCCATA; miR822.1-anti, CATGTGCAAATGCTT CCCGCA; miR822.1*-anti, TGTAGAAAGCATTTGCA-CATG; miR822.3*-anti, AGAAAACAACATGCGT TACATCC; miR822.3-anti, GGGATGCAACGTA-TATTGTTTC; miR822.2-anti, ACGACCTTAAGTGT AAGTAGAT.
miRNA target cleavage product analysis and target prediction
We applied version 2 of the CleaveLand software [43] to the data from PARE analysis or small RNA degradomes [36] [37] [38] to characterize the signatures of mRNA cleavage products of the miRNA-like RNAs we studied. We only considered the target cleavage products with an alignment score from CleaveLand of no less than the cutoff threshold of 4.5. Putative targets of miRNA-like RNAs were also predicted by the miRNA target finding method in the CleaveLand software package. This target finding method used a scoring scheme that charges a penalty of one to a mismatch and a penalty of 0.5 to a wobble base pairing, and doubles these penalties in the seed region, which is the two-to seven-nucleotide region near the 5'end of a miRNA.
Quantitative RT-PCR analysis of small RNA targets Abbreviations AGO: Argonaute; DCL: Dicer-like protein; EV: empty vector; GEO: Gene Expression Omnibus; hc-siRNA: heterochromatic small interfering RNA; hpi: hours post-inoculation; lsiRNA: long small interfering RNA; MIR: miRNA gene; miRNA: microRNA; moRNA: miRNA-offset RNA; PARE: parallel analysis of RNA ends; Pol: RNA polymerase; RDR: RNA-dependent RNA polymerase; siRNA: small interfering RNA; tasiRNA: trans-acting small interfering RNA.
